MEK2-SIPK/WIPK cascade, a Nicotiana benthamiana mitogen-activated protein kinase (MAPK) cascade, is an essential signaling pathway for plant immunity and involved in hypersensitive response (HR) accompanied by cell death. WRKY transcription factors as substrates of SIPK and WIPK have been isolated and implicated in HR cell death. Here, we show virus-induced gene silencing of WRKY genes compromised constitutively active MEK2-triggered cell death in N. benthamiana leaves. In general, HR cell death enhances susceptibility to necrotrophic pathogens such as Botrytis cinerea. However, the WRKY gene silencing elevated susceptibility to B. cinerea. These findings suggest that downstream WRKYs of MEK2-SIPK/WIPK cascade are required for cell death-dependent and -independent immunities in N. benthamiana.
Plants have specific immune systems activated after sensing pathogen by cell surface or intracellular receptors. 1 Mitogen-activated protein kinase (MAPK) cascade is a key signaling pathway of plant defense. 2 In tobacco, woundinduced protein kinase (WIPK) and salicylic acid-induced protein kinase (SIPK) are known as pathogen-responsive MAPKs 3, 4 and share a common upstream MAPK kinase MEK2. 5 Transient expression of MEK2 DD , a constitutively active MEK2, induces SIPK and WIPK phosphorylation, resulting in defense responses such as hypersensitive response (HR)-like cell death and respiratory burst oxidase homolog (RBOH)-mediated reactive oxygen species (ROS) production in Nicotiana benthamiana leaves. 6 One of the downstream targets of activated SIPK and WIPK is WRKY transcription factor. N. benthamiana WRKY8, a group I WRKY transcription factor, has in planta phosphorylation motif called SP cluster, and the phospho-mimicking mutant increases its DNA binding and transactivation activities. 7 In a recent publication, we isolated multiple N. benthamiana WRKYs containing SP cluster as substrates of MAPKs, and WRKY7, 8, 9 and 11 were involved in oomycete effectortriggered ROS production via transactivating machinery of NbRBOHB gene. 8 Furthermore, Agrobacterium-mediated transient expression of WRKY7, 8, 9 and 11 triggered cell death in N. benthamiana leaves, and the cell death was enhanced by phospho-mimicking mutations in their SP clusters. 8 These results suggest that WRKY transcription factors can function to induce cell death downstream of the MAPK cascade. This is also supported by the fact that Nicotiana tabacum WRKY1, a substrate of SIPK, contributes to SIPK-triggered cell death. 9 In this work, to examine involvement of WRKY7, 8, 9 and 11 in MEK2 DD -triggered HR-like cell death, we knocked down the 4 WRKY genes in N.
benthamiana by virus-induced gene silencing (VIGS) using WRKY7/8/9/11-silencing construct, which specifically reduces expression levels of the WRKY7/9, 8 and 11 genes by 70%, 68% and 54%, respectively. 8 VIGS of SIPK and WIPK significantly suppressed the MEK2 DD -triggered cell death, and the cell death was partially compromised or delayed in WRKY7/8/9/11-silenced leaves (Fig. 1A) . We measured ion leakage as an index of cell death, and the index showed statistical difference between TRV-control and WRKY7/8/9/11-silenced leaves (Fig. 1B) . This finding suggests that WRKY7, 8, 9 and 11 participate in induction of HR-like cell death downstream of MEK2-SIPK/WIPK cascade. In general, triggering cell death at infection sites is a plant defense strategy against biotrophic and hemibiotrophic pathogens, which require living host cells at their infection processes. 10 Our previous observation showed that extension of the infection hyphae of oomycete pathogen Phytophthora infestans, the near-obligate hemibiotroph, was limited by cell death which was compromised by silencing WRKY7, 8, 9 and 11, 8 suggesting that WRKY7, 8, 9 and 11 redundantly drive the cell death-mediated immunity against P. infestans in N. benthamiana.
Unlike biotrophs, necrotrophic pathogens take advantage of cell death, because they absorb nutrients from dead cells for growth and colonization in their host plants. 10 Botrytis cinerea is a necrotrophic fungi and secretes various extracellular proteins and compounds to degrade host cell wall, generate ROS or induce HR cell death during the infection process. 11 One secreted protein BcSpl1, a cerato-platanin family protein known as a virulence factor, elicits HR such as cell death and ROS production in its host tissues. 12 The response partially depends on BRI1-associated kinase 1 (BAK1), a component of pattern recognition receptor complex for sensing pathogens. 12 This observation implies that B. cinerea exploits the elicitor as an infection strategy to activate plant immune system and induce HR symptoms. Our previous study also showed that NbRBOHB-mediated ROS production contributes to expansion of disease lesions by B. cinerea.
13 WRKY7, 8, 9 and 11 are involved in NbRBOHB-mediated ROS production and cell death induction downstream of MAPK cascade (Fig. 1) . 8 Next, we examined effect of silencing of WRKY7, 8, 9 and 11 genes on disease resistance to B. cinerea in N. benthamiana. WRKY7/ 8/9/11-silenced leaves were inoculated with B. cinerea by dropping the conidia onto the silenced leaf surfaces. Unexpectedly, WRKY7/8/9/11-silenced leaves showed high susceptibility against B. cinerea compared with TRV control leaves ( Fig. 2A) . We measured the size of disease lesions to exhibit statistical difference of the susceptibilities (Fig. 2B) , indicating that WRKY7, 8, 9 and 11 participate in disease resistance to B. cinerea. In tobacco, loss of function of NtMKP1 gene, coding a MAPK phosphatase targeting SIPK, suppressed expansion of disease lesions by B. cinerea, 14 suggesting that MEK2-SIPK/WIPK cascade positively regulates resistance to B. cinerea. This observation supports our result that WRKYs phosphorylated by SIPK and WIPK are involved in disease resistance to B. cinerea. However, why the cell death-triggering WRKYs are involved in resistance to necrotrophic pathogen? In Arabidopsis, AtWRKY33, the closest WRKY to WRKY8, contains SP cluster phosphorylated by AtMPK3/ AtMPK6, orthologs to WIPK and SIPK, respectively, in response to B. cinerea.
15 Moreover, wrky33 mutant shows enhanced susceptibility to B. cinerea. 16 Activated AtWRKY33 by MAPKs targets and up-regulates phytoalexin deficient3 (PAD3) gene in biosynthesis of camalexin, the major Arabidopsis phytoalexin, 15 and pad3 mutant is highly susceptible to B. cinerea. 17 These findings suggest that N. benthamiana MAPK-WRKY pathway could regulate phytoalexin synthesis for disease resistance to necrotrophic pathogen. In fact, we isolated 3-hydroxy-3-methylglutaryl CoA reductase2 (HMGR2) catalyzing biosynthesis of capsidiol, the major tobacco phytoalexin, as a target gene by WRKY8. 7 In addition, AtWRKY33 was shown as a modulator for balance of plant hormone signaling. Classically, plants are known to use phytohormones for appropriate defense signaling against distinct pathogens, in that salicylic acid (SA) and jasmonic acid (JA) signals appropriately regulate biotrophic and necrotrophic pathogens, respectively. 18 Recent transcriptome analysis using wrky33 mutant upon challenge with B. cinerea indicated that SA-responsive genes were up-regulated in wrky33 mutant, while JA-responsive genes were down-regulated. 19 This implies that WRKYs phosphorylated by MAPKs act for full JA response to B. cinerea. Further studies on downstream signaling of the N. benthamiana WRKYs would provide us a clue to modulating appropriate immune signaling pathways against 2 types of pathogens that have different lifestyles.
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